Seagrasses are among the Earth's most efficient and long-term carbon sinks, but coastal development threatens this capacity. We report new evidence that disturbance to seagrass ecosystems causes release of ancient carbon. In a seagrass ecosystem that had been disturbed 50 years ago, we found that soil carbon stocks declined by 72%, which, according to radiocarbon dating, had taken hundreds to thousands of years to accumulate. Disturbed soils harboured different benthic bacterial communities (according to 16S rRNA sequence analysis), with higher proportions of aerobic heterotrophs compared with undisturbed. Fingerprinting of the carbon (via stable isotopes) suggested that the contribution of autochthonous carbon (carbon produced through plant primary production) to the soil carbon pool was less in disturbed areas compared with seagrass and recovered areas. Seagrass areas that had recovered from disturbance had slightly lower (35%) carbon levels than undisturbed, but more than twice as much as the disturbed areas, which is encouraging for restoration efforts. Slow rates of seagrass recovery imply the need to transplant seagrass, rather than waiting for recovery via natural processes. This study empirically demonstrates that disturbance to seagrass ecosystems can cause release of ancient carbon, with potentially major global warming consequences.
Seagrasses are among the Earth's most efficient and long-term carbon sinks, but coastal development threatens this capacity. We report new evidence that disturbance to seagrass ecosystems causes release of ancient carbon. In a seagrass ecosystem that had been disturbed 50 years ago, we found that soil carbon stocks declined by 72%, which, according to radiocarbon dating, had taken hundreds to thousands of years to accumulate. Disturbed soils harboured different benthic bacterial communities (according to 16S rRNA sequence analysis), with higher proportions of aerobic heterotrophs compared with undisturbed. Fingerprinting of the carbon (via stable isotopes) suggested that the contribution of autochthonous carbon (carbon produced through plant primary production) to the soil carbon pool was less in disturbed areas compared with seagrass and recovered areas. Seagrass areas that had recovered from disturbance had slightly lower (35%) carbon levels than undisturbed, but more than twice as much as the disturbed areas, which is encouraging for restoration efforts. Slow rates of seagrass recovery imply the need to transplant seagrass, rather than waiting for recovery via natural processes. This study empirically demonstrates that disturbance to seagrass ecosystems can cause release of ancient carbon, with potentially major global warming consequences.
Background
Seagrass ecosystems are among the most effective carbon sinks on the Earth; they bury organic carbon (often referred to as 'blue carbon') into the seabed at a rate 35 times faster than tropical rainforests [1] , and where rainforests bury carbon for decades, seagrasses are capable of storing carbon for millennia [2] [3] [4] . However, there is concern that if seagrass ecosystems are disturbed they could leak vast amounts of stored carbon back into the atmosphere, thereby shifting them from carbon sinks into carbon sources [5, 6] , as has been shown for high-profile terrestrial carbon sinks such as forests, peatlands and permafrost [7] [8] [9] . Importantly, the latter studies show that the rate of carbon loss is much greater than the rate of accumulation.
While loss of stored carbon has been demonstrated for other coastal vegetated habitats, such as saltmarshes and mangroves [10 -12] , there is still major uncertainty regarding whether seagrass ecosystems release soil carbon following disturbance [1] . Fourqurean et al. [13] , who provided the first comprehensive survey of seagrass carbon stocks, estimated that present rates of decline in the aerial extent of seagrass ecosystems could result in the release of up to 299Tg carbon per year, assuming all of the organic carbon in seagrass biomass and the top metre of seagrass soils is remineralized (broken down and released as CO 2 ). However, this assumption-that the entire top metre of organic soil will be remineralized following seagrass losshas lacked empirical support, creating uncertainty in the influence of seagrasses in global carbon budgets.
One study that recently investigated the impacts of smallscale disturbances (mimicking anchor damage) on seagrass carbon stocks reported no effect [14] , and suggested that larger-scale disturbances and longer-time periods (greater than 2 years) might be needed to detect significance losses of seagrass carbon stocks. Larger-scale disturbances and longer time periods would increase the potential for physical removal of carbon (via scouring and erosion) and would reduce the possibility of carbon losses being masked by carbon supply from the surrounding meadow [14] . As for carbon losses via microbial remineralization, it would be expected that large-scale disturbances would increase vertical mixing at the soil-water interface, thereby increasing the input and spread of oxygen into the soil surface, increasing the potential for aerobic heterotrophs-which break down carbon much more efficiently than anaerobes while using O 2 as the electron acceptor [15, 16] . Defining how bacteria change in response to disturbance can therefore provide important insight into the factors that underpin carbon release via the process of remineralization.
Finding study sites that have sustained long-term and well-defined losses of seagrass is a challenge. This study focuses on seagrass (Posidonia australis) losses that occurred in Jervis Bay on the east-coast of NSW, Australia (35807 0 52.96 00 S; 150844 0 50.22 00 E), a site containing one of the oldest documented records of seagrass disturbance [17] , which occurred as a result of seismic testing within the seagrass beds during the 1960s to test the suitability of the site for a nuclear facility. The seismic testing resulted in 11 large (10-30 m diameter, water depth 4-6 m) circular holes that remain to this day as bare sand ( figure 1a-d) . Partial recovery has occurred via rhizome encroachment from the surrounding meadow, but the process is very slow. Mean spreading rate was estimated to be 21(+2) cm per year over a 25 year period, with recovery not expected until 2034 at the earliest and 2071 at the latest [17] .
The goal of this study was to investigate the impact of disturbance on the organic carbon stocks of P. australis seagrass at Jervis Bay. Specifically, we tested the following main hypotheses: (i) soil organic carbon (SOC) stocks will be lower in seagrass areas that have undergone disturbance; (ii) the rate of SOC loss will be much greater than the rate of SOC accumulation; and (iii) disturbance will cause shifts in bacterial abundance and community composition within seagrass meadows.
Material and methods
During February 2013, soil samples were taken from three habitats in four different seismic testing holes: 'disturbed' soils within the middle of the circular holes that were barren of any seagrass; 'recovered' soils where seagrass had recently (during the past approx. 5 -10 years as determined from Google Earth historical imagery-see below) recovered from disturbance via rhizome encroachment; and 'undisturbed' seagrass soils were treated as controls. The location of the holes and rates of recovery had been determined and mapped using GIS by Meehan & West [17] from aerial photographs for the years 1972 -1997. We used this data to determine the original size and location of the disturbed areas, and then we used Google Earth historical images (a total of eight images were available spanning 2004 -2013) to locate recovered areas. The latter was cross-referenced against recovery rate estimates (21 + 2 cm per year) by Meehan & West [17] . Holes were easily visualized from the water surface due to the clear water and divers checked the exact positioning of the core entry point at the time of core insertion.
For radiocarbon dating, deep cores (up to 1 m) were collected using a vibracorer as described in Macreadie et al. [2] . For geochemical analyses, soils were collected using push cores, which involved hammering open-barrel PVC pipes (200 cm length, 5 cm internal diameter) into soils with a fence post driver until refusal was reached. Expanding rubber plugs were then inserted into the top end of the PVC pipes to achieve internal suction while the cores were pulled out of the soil and returned to the boat. Next, throughout the length of the core, 15.7 cm 3 subsamples at 2 cm intervals were taken by inserting subcorers (fashioned by cutting the end off of a 20 cc, 2 cm internal diameter syringe) into sampling ports along the PVC pipe that had been pre-drilled and taped over (figure 1c).
In the laboratory, soils were dried at 508C and weighed to determine dry bulk density (DBD; Mg m rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151537 was repeated twice for each sample, involved addition of 2N HCl to soils, followed by repeated washing in deionized water. Inorganic carbon concentration was estimated as 0.12 Â mass loss (%) during acidification.
14 C concentration and/or radiocarbon age was determined via accelerator mass spectroscopy (AMS; electronic supplementary material). 14 C concentration is reported as per cent modern carbon (pMC) and ages as conventional radiocarbon age (yr BP).
Bacterial samples were taken adjacent to where cores had been extracted by inserting 3 ml cut-off syringes into the soil to a depth of 2 cm. Soil was extruded from syringes and transferred into 2.0 ml cryotubes (Sarstedt AG & Co.), refrigerated while being transferred to the laboratory and then flash frozen in liquid nitrogen and stored at 2808C. For flow cytometry samples, 1 ml of 0.22 mm-filtered seawater containing glutaraldehyde (1% final conc.) was added before freezing.
Determination of bacterial abundance was performed via flow cytometry following the methodology of Trevathan-Tackett et al. [18] . Cell counts were quantified using an LSRII flow cytometer (BD Biosciences). Bacteria were discriminated according to SYBR Green fluorescence (nucleic acid content) and light side scatter [19, 20] . Cell concentrations were calculated using FLOWING SOFTWARE v. 2.5 (www.flowingsoftware.com). Nucleic acid contents of individual bacteria were used to discriminate the fraction of putative active cells from the fraction of inactive (dormant) cells according to Lebaron et al. [21] . In brief, this was done by separating bacteria with high apparent nucleic acid content from those with low nucleic acid contents.
DNA sequencing was performed on the Illumina MiSeq platform and processed via the QIIME package (electronic supplementary material). Operational taxonomic units (OTUs) were compared against the Greengenes database using BLAST to assign taxonomy (electronic supplementary material). Metagenomes were also predicted for the bacterial samples using the PICRUSt package (electronic supplementary material).
In order to calculate unbiased estimates of SOC stocks across cores of differing depths, we adopted an equivalent mass approach often used in terrestrial soil carbon studies [22] . Stocks are reported to the median cumulative soil mass (250 kg m Geochemical and flow cytometry data were analysed using a factorial one-way blocked analysis of variance (ANOVA), which accounts for the spatial variation in response variables between holes, to compare the effects of habitat type (disturbed, recovered and undisturbed) on each response variable. Each 'block' consisted of a hole (disturbed), edge (recovered) and neighbouring pristine seagrass (undisturbed). Prior to analysis, assumptions of homogeneity of variance and normality were checked using Levene's test and graphical inspection of data, with natural log transformations made where necessary to improve data fitness. Tukey's post hoc analysis was used to compare means when significant differences were detected by ANOVA.
Bacterial rarefied OTU abundance data were square-root transformed and Bray-Curtis similarity between profiles was ordinated using multidimensional scaling (MDS) using PRIMER 6 [23] . Analysis of similarities (ANOSIM) was applied to determine if differences in treatments were significantly different from a randomly permutated distribution. Similarity percentage analysis (SIMPER), with 90% cut-off for low contributions, was used to identify the OTUs driving the shift between the clusters observed in the MDS plot. The predicted PICRUSt metagenome functions were analysed using the statistical analysis of metagenomic profiles (STAMP) program [24] . All STAMP analyses were performed with a two-sided Welch's t-test and Bonferroni correction to minimize Type I errors.
Results
We found no significant differences in mean core depth, DBD, soil mass or carbonate content among the disturbed, recovered and undisturbed habitats (electronic supplementary material, figure S1 ). However, stocks of SOC to an equivalent mass varied nearly threefold between disturbed and undisturbed habitats with the recovered habitats having an intermediate value ( figure 2a) . The difference in SOC stocks was primarily a result of significant differences in the concentration of SOC between habitats (F ¼ 7.57, p ¼ 0.02). The stable carbon isotope composition also varied significantly across habitats (F ¼ 5.44; p ¼ 0.044), with the disturbed sites having significantly more negative d
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C values than the undisturbed habitats (figure 2b). For each core, there is a sequential progression in age down the core (electronic supplementary material, table S1). Owing to limited 14 C data, it is not possible to confidently determine the depth of disturbance; however, based on calculated soil accumulation rates (electronic supplementary material, Methods/Results) and a palaeoreconstruction (incl. lithological and geophysical analyses) of long cores taken from the site [25] , it was estimated that disturbance probably affected the top 90-100 cm of soil-a period covering approximately 6000 calendar years before present (cal. yr BP). Our SOC analyses were restricted to the top 30 cm, which represented the past approximately 1300-3000 cal. yr BP (electronic supplementary material, table S1; [25] ).
According to flow cytometry analysis, there was no difference in bacterial abundance among sites for total (F 2,14 ¼ 0.229; p ¼ 0.801), or high-(F 2,14 ¼ 0.509; p ¼ 0.619) or low-DNA content bacterial populations (F 2,14 ¼ 0.232; p ¼ 0.798). ANOSIM analysis of the 16S rRNA sequence data revealed significantly different bacterial community compositions among the three site (R ¼ 0.728, p ¼ 0.001). The MDS (figure 3) further illustrates clustering of microbial communities among sites at the OTU level, from bare to edge to seagrass. SIMPER analyses revealed that at both the class and genus level there were multiple groups causing separation in the data, but some clear ecological trends were apparent (figure 4; electronic supplementary material, table S2).
At the bacterial class level, there was a trend of increasing importance of d-proteobacteria and Clostridium from the bare to edge to seagrass meadow samples. There was an opposing trend of increasing Oscillatoriophycideae (cyanobacteria) and chloroplasts from the seagrass to the bare soil. These patterns were also adhered to at the genus level and it became apparent that the patterns in d-proteobacteria were driven by an increase in the sulfate reducing genus Desulfococcus, while the patterns in Clostridia were driven by Clostridium and Fusibacter genera. The chloroplasts matched stramenopile chloroplasts, indicating an increase in eukaryotic algae, such as diatoms, in the nonseagrass soil. These data were supported by the greater abundances of energy metabolism genes involved in photosynthesis in the disturbed soils compared with undisturbed soils (level 3 KEGG pathways; electronic supplementary material, table S2). As predicted, the edge samples form an intermediate between bare and seagrass states, suggesting that seagrass recovery from disturbance causes a shift in the microbial community composition making them more similar to the seagrass state, but this transition is not complete.
Discussion
This study provides empirical evidence of the impact of disturbance on SOC stocks bound by seagrass meadows, as demonstrated by disturbed areas of seagrass having significantly lower SOC levels (72% less) than undisturbed controls, and an apparent decline in the proportion of autochthonous (plant-derived) carbon within their SOC pool (according to stable isotopes). Disturbance affected soils in the top 1 m, which, according to 14 C analyses, had taken up to 6000 years to accumulate. Disturbed soils had high proportions of aerobic heterotrophs relative to undisturbed seagrass, indicative of a fundamental shift in the biogeochemical nature of the two soil types.
The recovered treatment, which represents seagrass regrowth, is promising for seagrass restoration prospects because it indicates that natural recovery of seagrass can lead to recovery of SOC stocks. Greiner et al. [26] provided evidence for the potential for seagrass habitat restoration to enhance SOC sequestration, but this was for manually transplanted seagrass, whereas little is known about natural recovery. The clonal nature of seagrasses [27] means that if the original meadow remains viable, and the system has not shifted towards an alternative stable state [28, 29] , then there is exponential potential for recovery of SOC stocks through recovery of autochthonous (carbon produced through photosynthesis; plant-derived) and allochthonous (carbon captured from external sources-e.g. terrestrial run-off, seston) SOC accumulation capacity [5, 30] , and through capping emissions and restoring anoxic conditions in disturbed areas [31] .
Our findings suggest that recovery through clonal growth during the past approximately 5-10 years has led to partial recovery of SOC stocks; SOC stocks in recovered were lower (35%) than undisturbed, but this difference was not significant, whereas disturbed were significantly lower (72%) than undisturbed. Thus, approximately half of the carbon lost was recovered within 5 -10 years, which is promising for restoration efforts as it implies that revegetation projects can restore seagrass SOC stocks in relatively short time frames. Supporting this conclusion is a recent study by Marba et al. [32] who reported that carbon burial rates of restored P. australis meadows within Oyster Harbour (Western Australia) were similar to continuously vegetated meadows 18 years after planting. Clonal growth for P. australis in Jervis Bay is very slow (2.5 cm per annum) [33] , as it is for other members of the Posidonia genus (e.g. P. oceanica, 2.3 cm per annum) [34] , so we would expect that the capacity for recovery of Posidonia SOC stocks to represent among the 'worst case' scenarios for seagrass ecosystems.
While no significant differences in the total abundance of soil bacteria were observed between the three treatments, 16S rRNA sequencing and predicted metagenomes revealed a change in the composition of the community between the habitat types. The bacterial community in the disturbed soil was significantly different to the undisturbed soil, with the recovered soil representing an intermediate environment. These community differences were driven by shifts among several organisms, but there were trends in the relative abundance of bacterial groups that may be reflective of changes in the biogeochemical nature and oxic conditions within the habitats. Undisturbed had a higher relative proportion of the sulfate reducing d-proteobacteria Desulfococcus and obligate anaerobic bacteria belonging to Clostridia. This, in addition to the increase in some aerobic heterotrophic groups of marine bacteria (e.g. Pseudoalteromonas) in the disturbed and recovered environments, is potentially indicative of higher levels of available oxygen within the disturbed soils than within the undisturbed soils. The increase in the d-proteobacteria, in particular Desulfococcus, in the undisturbed soils is also consistent with previous observations of the bacterial communities inhabiting Posidonia soils, where Desulfococcus has been shown to be highly abundant, with the d-proteobacteria representing the dominant class of identified bacteria [35] . A higher proportion of sequences matching cyanobacteria and chloroplasts (stramenopiles) and of genes involved in photosynthetic energy metabolism in the disturbed, relative to the undisturbed, is indicative of higher levels of microbial photoautotrophy in the non-seagrass environments, which is probably related to the differences in shading effects between the seagrass and nonseagrass soils. These shifts suggest an overall change in the composition of the microbial community between the undisturbed and disturbed habitats, and may underpin significant differences in the metabolic capacity of these communities and their biogeochemical roles.
In conclusion, we find that the legacy of disturbance caused to P. australis seagrass in Jervis Bay is still evident after 50 years. Areas that remain bare due to disturbance have 72% less SOC than the surrounding undisturbed seagrass areas, which is remarkably close to Pendleton's [36] central estimate of a 63% loss. Shifts in bacterial consortia from undisturbed, recovered, and disturbed are perhaps indicative of significant differences in the biogeochemical state and/or oxic conditions in each habitat type, with a higher relative abundance of aerobic heterotrophs in disturbed areas, and more sulfate reducing bacteria and obligate anaerobic bacteria in undisturbed. This study provides among the first empirical evidence that loss of seagrass habitat through human activities can have substantial impacts on SOC stocks, providing further evidence for the need to protect globally declining seagrass populations. This study was made possible because of a peculiar event; seismic testing. Because the event was well documented, and recovery is still incomplete, it was an ideal case study for testing the effects of long-term disturbance on seagrass SOC stocks. However, we acknowledge that there are many causes of seagrass disturbance, and seismic testing-although it occurs in seagrass meadows around the world-is considered rare. Hence, the generality of our findings needs to be considered within this specific disturbance context. As more studies emerge on the impacts of seagrass disturbance on SOC stocks and associated biogeochemical processes, we will better understand if the findings here are typical of other types of disturbances. Overall, the findings of this study, as well as other recent work on the carbonsink capacity of restored seagrass meadows [30, 32, 37] , provide promising evidence that restoration of seagrass meadows represents an important strategy for offsetting carbon emissions and thereby mitigating climate change.
